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Oxidative stressZinc demonstrates protective and antioxidant properties at physiological levels, although these characteristics
are not attributed at moderate or high concentrations. Zinc toxicity has been related to a number of factors, in-
cluding interference with antioxidant defenses. In particular, the inhibition of glutathione reductase (GR) has
been suggested as a possiblemechanism for acute zinc toxicity in bivalves. The presentwork investigates the bio-
chemical effects of a non-lethal zinc concentration on antioxidant-related parameters in gills of brown mussels
Perna perna exposed for 21 days to 2.6 μM zinc chloride. After 2 days of exposure, zinc caused impairment of
the antioxidant system, decreasing GR activity and glutathione levels. An increase in antioxidant defenses be-
came evident at 7 and 21 days of exposure, as an increase in superoxide dismutase and glutathione peroxidase
activity along with restoration of glutathione levels and GR activity. After 7 and 21 days, an increase in cellular
peroxides and lipid peroxidation end products were also detected, which are indicative of oxidative damage.
Changes in GR activity contrasts with protein immunoblotting data, suggesting that zinc produces a long lasting
inhibition of GR. Contrary to the general trend in antioxidants, levels of peroxiredoxin 6 decreased after 21 days
of exposure. The data presented here support the hypothesis that zinc can impair thiol homeostasis, causes an
increase in lipid peroxidation and inhibits GR, imposing a pro-oxidant status,which seems to trigger homeostatic
mechanisms leading to a subsequent increase on antioxidant-related defenses.
© 2013 Elsevier Inc. All rights reserved.1. Introduction
The aquatic environment receives numerous anthropogenic com-
pounds, such as polycyclic aromatic hydrocarbons, polychlorinated bi-
phenyls, pesticides and metals (Martínez-Álvarez et al., 2005). Most of
these substances are potent oxidants and may generate cellular imbal-
ance and oxidative stress in aquatic organisms (Winston, 1991). Several
ecotoxicological studies have been carried out to identify and character-
ize the modulation of antioxidant defenses and other biochemical sys-
tems, improving our knowledge about how pollutants can interact
with living organisms. In this regard our study focuses on the potential
mechanism for zinc toxicity in bivalves.
Zinc is a transition metal that participates in the modulation of reg-
ulatory proteins and cellular activities (Oteiza and Mackenzie, 2005). It
also plays antioxidant roles: zinc deﬁciency is commonly related to
increase in oxidants, cellular damage and modulation of antioxidant
defenses (Oteiza, 2012), whereas zinc supplementation can counteract
these effects in several malignancies and diseases (Chasapis et al.,ghts reserved.2012), as well as act as an antidepressant (Brocardo et al., 2007). On
the other hand, higher zinc concentrations can induce apoptosis and ox-
idative stress (Formigari et al., 2007), highlighting the dual role of this
metal as oxidant/antioxidant and pro-apoptotic/anti-apoptotic agent.
Zinc is also an essential micronutrient abundant in invertebrates
such as bivalves (Wong et al., 2000; Shi andWang, 2004). In unpolluted
areas, zinc is found in water at nanomolar levels, reaching micromolar
values in metal-contaminated environments (García et al., 2008;
Srinivasa Gowd and Govil, 2008; Voets et al., 2009). High levels of zinc
in the sediment can also be correlatedwith levels of thismetal in tissues
of bivalves (Rebelo et al., 2003).
It has been proposed that soluble zinc and othermetals are taken up
mainly by gills and mantle of bivalves, while their particulate forms are
taken up mainly by the digestive organs and stored in the digestive
gland (George and Pirie, 1980; Wang, 2001; Cooper et al., 2010). The
tolerance of these organisms to zinc exposure is similar to other inver-
tebrates, with a LC50 of approximately 6.5 mgL−1 (~100 μM) for brown
mussels Perna perna (Franco et al., 2006), 3.20 mgL−1 (~50 μM) for
green mussels Perna viridis (Yap et al., 2004) and 16.4 mgL−1
(~250 μM) for the clam Ruditapes philippinarum (Dap et al., 1998). Bi-
valves also present an evident ability for zinc bioaccumulation (Chong
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exposure to metals. This occurs by bioaccumulation in metal-rich gran-
ules or scavenging bymetallothionein-like proteins, generating ameta-
bolically inactive metal pool. This mechanism of defense involves
subcellular-partitioning processes, aswell as regulation ofmetal uptake
and efﬂux rates (Chen et al., 2011). An interesting study about the
strategies associated with zinc tolerance in clams Ruditapes decussatus
exposed to zinc 100μgL−1 (1.5 μM) during 40 days has previously
found: 1) prominent bioaccumulation in gills and digestive gland;
2) storage as metal-rich granules; 3) zinc remobilization among cell
compartments and 4) strong induction of metallothionein-like protein
in gills (Seraﬁm and Bebianno, 2007).
The toxicity of zinc to bivalves has been demonstrated at different
levels, such as mortality in adults, embryos and gametes (Nadella
et al., 2009; Fathallah et al., 2010), decrease in oxygen consumption
and metabolic dysfunction (Devi, 1995), as well as modulation of the
antioxidant system and induction of oxidative stress (Geret and
Bebianno, 2004; Franco et al., 2006). For brown mussels P. perna, an
acute exposure to a nonlethal dose of zinc chloride (10 μM) causes
glutathione reductase (GR) inhibition alongwith an increase on the an-
tioxidant defenses as a probable adaptive response, while, at higher
doses, zinc induced oxidative damage and antioxidant disturbance.
Our group has previously demonstrated that GR inhibition is a plausible
mechanism for zinc toxicity in mussels, ﬁsh and mammals, affecting
cellular glutathione metabolism (Franco et al., 2006, 2008a, 2008b).
We have also demonstrated that the electrophilic compound 1-chloro-
2,4-dinitrobenzene (CDNB) also decreases GR and thioredoxin reduc-
tase (TrxR) activity in Paciﬁc oysters Crassostrea gigas, increasing the
susceptibility of these animals to oxidative stress (Trevisan et al.,
2012). These data suggest that inhibition of thiol-recycling systems
such as glutathione/glutathione reductase and thioredoxin/thioredoxin
reductase can be important toxicity factors for bivalves. Therefore, a
time course experiment (2, 7 and 21 days)was devised in order to eval-
uate how GR and other antioxidant-related parameters are affected by
short- and long-term zinc exposure in gills of brown mussels P. perna.
At the beginning (2 days) GR inhibition was conﬁrmed, along with dis-
turbance of thiol homeostasis. This initial imbalancewas followed by an
increase in antioxidant defenses after 7 and 21 days, a possible adaptive
response to cope with oxidative stress induced by zinc exposure.
2. Materials and methods
2.1. Chemicals
Zinc chloride, nicotinamide adenine dinucleotide phosphate, reduced
form (NADPH), disulﬁde glutathione (GSSG), reduced glutathione (GSH),
cumene hydroperoxide, CDNB, glucose 6-phosphate, hydrogen peroxide
(H2O2), xanthine oxidase, cytochrome c, perchloric acid (PCA), xylenol or-
ange, thiobarbituric acid, bovine serum albumin, phenylmethylsulfonyl
ﬂuoride, protease inhibitor cocktail, 5,5′-dithiobis-(2-nitrobenzoic acid)
(DTNB), (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) re-
agents and mouse monoclonal anti-β-actin HRP conjugated antibody
were from Sigma-Aldrich (São Paulo, Brazil); nitrocellulosemembranes,
from Bio Rad (Berkeley, USA); rabbit anti-GR and anti-Prx6, and goat
anti-rabbit IgG were from Abcam (Cambridge, USA); molecular-weight
standards from GE Healthcare (Rio de Janeiro, Brazil); and γ-glutamyl-
transpeptidase (GGT) commercial kit from Biotecnica (Varginha,
Brazil). All other reagents used were of analytical grade.
2.2. Animals and exposure conditions
Adult brownmussels P. perna (8–10 cm shell length) were obtained
from a commercial aquaculture facility at Ribeirão da Ilha, Florianópolis
(Brazil). The use of animals was performed in accordance with the pol-
icy of the Federal University of Santa Catarina. Animals were acclimatedduring 7 days under laboratory conditions (22–25 °C, 12 h light/dark)
in plastic aquaria (1 L seawater/animal) and fed daily with a cultured
Chaetoceros muelleri algae suspension.
In a previous study by our laboratory (Franco et al., 2006) 10 μMzinc
chloride caused disturbance of the antioxidant system and oxidative
damage after 2 days of exposure in brown mussels. It is a non-lethal
concentration and corresponds at approximately 1/10 of LC50(96h),
according to a preliminary test. Therefore, in order to investigate differ-
ential modulation of the antioxidant system by short and long-term ex-
posure at lower concentrations, animals were exposed to 2.6 μM zinc
chloride and killed after 2, 7 or 21 days. Non-exposed animals were
used as control group.
A total of 8 aquaria were used, with 2 aquaria per exposure group
and 6 animals per aquarium (n = 12 animals per group), according to
the depiction in Fig. 1: At the beginning of the experiment (day 0),
two aquaria (12 animals) were selected for zinc exposure for 21 days.
At the 14th day of experiment, two additional aquaria were exposed
to zinc for 7 days, and at the 19th day two extra aquaria were exposed
to zinc for 2 days. The last 2 aquaria were maintained all the time
with clean seawater. At the 21st day, all animals were sacriﬁced, gills
were removed and stored at −80 °C for biochemical analysis, except
for thiol analysis, whichwas performed at the same day as tissue collec-
tion. During the experimental period, the water was changed daily and
supplemented with zinc chloride during the appropriate exposure peri-
od. Animalswere fed dailywith cultured C. muelleri algae suspension for
1 h prior to the water change to limit prolonged interaction between
zinc and food. According to this exposure protocol, all animals were
maintained under laboratory conditions during the same period (total
of 21 days), diminishing biochemical and physiological alterations due
to different acclimation or sampling day error.
2.3. Metal analysis
Zinc was determined in aliquots of seawater at the ﬁrst day of expo-
sure for each group and performed in a graphite furnace atomic absorp-
tion spectrometer with a Zeeman background correction PerkinElmer
AAnalyst-600, after convenient dilution. Certiﬁed reference materials
SLRS-4 and NASS-5 (National Research Council Canada) were used to
verify the analytical accuracy. Zinc content in the seawater (0.16 ±
0.08 μM) was increased to 2.59 ± 0.9 μM (N = 3 with 3 replicates
per sample). During the following sections of the text wewill refer sim-
ply as 2.6 μM of zinc.
2.4. Glutathione, non-protein and protein thiols
Gillswere immediately removed and approximately 100 mgof fresh
tissue of individual animals were deproteinized in 900 μL of 0.5 M
perchloric acid (PCA) and centrifuged at 15,000 g for 2 min at 4 °C.
The acid supernatant was used to measure total glutathione (as the
sum of reduced and disulﬁde form of glutathione; GSH-t) and non-
protein thiols (such as glutathione and cysteine; NPSH), while the pellet
was used to measure protein thiols (PSH). The NPSH and PSH levels
were determined by a colorimetric method (Ellman, 1959), while
GSH-t was determined by an enzyme-coupled assay (Akerboom and
Sies, 1981).
2.5. Enzymatic analysis and oxidative markers
Portion of gills (approximately 400 mg, from the same individuals
used for thiol analysis) were homogenized in 20 mM 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid (HEPES) buffer pH 7.0 (1:4,
weight:volume) and centrifuged at 5,000 g for 5 min at 4 °C. Pellets
(nuclei and cellular debris) were discarded, and the supernatant
was further centrifuged at 20,000 g for 30 min at 4 °C. The supernatant
was used for peroxide and enzymatic measurements, while the pellet
(membrane vesicles, mitochondria, lysosomes) was used for the
Fig. 1. Protocol of short and long-term zinc exposure used in this experiment. Brownmussels Perna pernawere acclimated at laboratory conditions for 7 days prior the experiment. After
this period, animals were exposed to zinc chloride 2.6 μM for 2, 7 or 21 days. At days 0, 14 or 19, a group of mussels (2 aquaria of 6 animals) was separated for zinc exposure for 21, 7 or
2 days, respectively. An additional group ofmussels wasmaintained for 21 days at the same conditions, and used as reference (control) group. According to this protocol, all animalswere
kept at the laboratory during the same period.
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for the determination of γ-glutamyltranspeptidase (GGT; EC 2.3.2.2)
activity.
Enzymatic activity was evaluated according to standard methods and
as previously employed with bivalves (Franco et al., 2006; Trevisan et al.,
2011, 2012): GR (EC1.8.1.7) (Carlberg andMannervik, 1985); glutathione
peroxidase (GPx, EC 1.11.1.9) (Wendel, 1981); glutathione S-transferase
(GST, EC 2.5.1.18) (Habig and Jakoby, 1981); catalase (CAT; EC 1.1.11.6)
(Aebi, 1984); thioredoxin reductase (TrxR; EC 1.8.1.9) (Arnér et al.,
1999); and superoxide dismutase (SOD; EC 1.15.1.1) (McCord and
Fridovich, 1969). GGT was assayed using a Biotecnica commercial kit
(Varginha, Brazil), according to the manufacturer's recommendations.
Perchloric acid-adapted ferrous xylenol orange assay (PCA-FOX)
was performed to evaluate the cytosolic total peroxide levels, samples
were incubated with PCA, xylenol orange and ammoniacal ferrous
sulfate, and analyzed at 560 nm (Gay and Gebicki, 2002). Lipid peroxi-
dation products were measured by the thiobarbituric acid reactive
substances (TBARS) assay. Samples were heated to 96 °C for 1 h in
thiobarbituric acid, acetic acid, hydrochloric acid, SDS buffer and ana-
lyzed at 532 nm (Ohkawa et al., 1979).
Protein content was evaluated by Coomassie Brilliant Blue method
(Bradford, 1976), using bovine serum albumin as standard.
2.6. Immunodetection
Gills (approximately 50 mg) were homogenized (1:4, weight:vol-
ume) in tris(hydroxymethyl)aminomethane 50 mM ethylenediamine
tetraacetic acid 1 mM pH 7.0 buffer, containing phenylmethylsulfonyl
ﬂuoride and protease inhibitor cocktail. The homogenates were centri-
fuged at 1,000 g for 10 min at 4 °C, and the supernatant was used for
SDS-PAGE. The proteins (30 μg of total protein/track) were separated
by SDS-PAGE using 12% gels, electro-transferred to nitrocellulose mem-
branes and incubated overnight (4n°C) with GR (Abcam ab16801,
1:3000) and peroxiredoxin 6 (Prx6; Abcam ab59543, 1:3000) primary
antibodies, followed by incubation with anti-rabbit IgG-HRP-conjugate
secondary antibody (Abcam ab6721, 1:5000) and developed using an
in-house enhanced chemiluminescence detection protocol. β-actin
(Sigma Aldrich A3854, 1:20,000) immunocontent was used as a protein
loading control. In both cases, only one band was observed for GR
(~48 kDa) and for Prx6 (~24 kDa) by immunoblotting at the expected
sizes of the mammalian proteins. These estimated sizes are also close
to the values found with other invertebrate species, such as copepods
(GR monomer: 52 kDa; Seo et al., 2006), insects (GR monomer:
51.5 kDa; Candas et al., 1997) and mollusks (Prx6: 24.3 kDa; David
et al., 2007). This information strongly indicates that antibodies were
interacting with the expected proteins.
2.7. Statistical analysis
Results were checked for normality distribution by D'Agostino &
Pearson (omnibus normality test), and differences among groups wereanalyzed using one-way analysis of variance (ANOVA) using Duncan's
post hoc test or Kruskal–Wallis One Way Analysis of Variance on
Ranks. Values of p b 0.05 were accepted as signiﬁcant. Data are
presented as mean ± SD, and the sample number ranged from 9 to 12
due to limited availability of material for analysis in some samples.3. Results
3.1. Thiol status in brown mussel exposed to zinc
After 2 and 7 days of zinc chloride exposure, a signiﬁcant depletion
(30–40%) of low molecular weight thiols (NPSH and GSH-t) was ob-
served in gills of brown mussel (Fig. 2A and B). Acute zinc chloride
exposure caused a trend to decrease the PSH levels after 2 days of expo-
sure (Fig. 2C)while, after 21 days these values were signiﬁcantly higher
than in the control group, a pattern resembling NPSH and GSH-t proﬁle.3.2. Antioxidant and related enzymes in brown mussel exposed to zinc
No changes in TrxR, GST, GGT, GPx, SOD and CAT activities were
observed after two days of exposure (Fig. 3). Interestingly, a general
trend was observed indicating a coordinated induction in different en-
zyme activities after 7 and/or 21 days of exposure e.g. increased activity
of GPx, SOD and TrxR (Fig. 3B, C and E). It isworthmentioning that other
enzymes showed a similar trend; despite statistical signiﬁcance not
being reached, including the activity of CAT, GST and GGT (Fig. 3A, D
and F).
A signiﬁcant decrease in GR activity was observed only after 2 days
of exposure to zinc (Fig. 4A). Similar results were obtained previously
by Franco et al. (2006). In order to clarify the effects of zinc over GR,
we analyzed the levels of GR content, using immunoblotting techniques.
No changes in GR protein levels were observed after 2 days of exposure
to zinc (Fig. 4B), despite the 44% decrease in GR activity. This shows that
this lower GR activity is caused by enzyme inhibition rather than by a
decrease of GR content. After 7 days exposure, GR activity and protein
levels showed a trend to increase, but with no statistical signiﬁcance
(Fig. 4A–C). After 21 days of exposure, GR immunocontent in the gill
of exposed mussels signiﬁcantly surpassed control levels, while GR ac-
tivity barely recovered, indicating that the GR inhibition observed at
day 2 was occurring along the whole experimental period. These
changes are in linewith the idea that GR inhibition is followed by a com-
pensatory up-regulation at a translational level.
Although peroxiredoxins are receiving more attention in recent
years (see review of Go and Jones, 2013), data on these proteins in bi-
valves are still scarce. The immunoblotting proﬁle of peroxiredoxin 6
(Prx6) was quantiﬁed in gills of mussels exposed to zinc at the different
experimental periods. The overall tendency in antioxidant defenses
(enzymes and thiols) was to increase along time, but Prx6 showed an
opposite trend, a progressive decrease with time, reaching statistical
signiﬁcance at 21 days of exposure (Fig. 4D).
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Fig. 2. Thiol status in gills of brown mussels Perna perna exposed to 2.6 μM zinc chloride
for 2, 7 or 21 days. Levels of (A) non-protein thiols (NPSH), (B) total glutathione (GSH-
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To measure possible oxidative damage caused by zinc exposure,
lipid peroxidation was estimated by the TBARS method and peroxide
levels by the PCA-FOXassay. After 2 days of exposure, neither peroxides
nor TBARS were increased (Fig. 5), despite lower levels of thiols (Fig. 2)
and GR inhibition (Fig. 4). Nevertheless, both methods, PCA-FOX and
TBARS, showed an increase in the level of peroxides and end products
of lipid peroxidation after 7 and 21 days of zinc chloride exposure
(Fig. 5).
4. Discussion
Together with the metal quenching mediated by metallothionein-
like proteins, the antioxidant system participates directly in defenseagainstmetal toxicity in aquatic organisms. Field or laboratory-based ex-
periments with ﬁsh, protozoa and bivalves have already demonstrated
that exposure to metal leads to a modulation of gene expression or pro-
tein synthesis of antioxidant enzymes (Okamoto et al., 2001; Hansen
et al., 2006; Vlahogianni et al., 2007; Franco et al., 2010). In the present
study, we focused on the effects of zinc on the antioxidant system of
the brown mussel P. perna after short- and long-term exposures.
The interplay between oxidants and antioxidants agents must be
tightly regulated by the cell in order to maintain the proper cellular
metabolism. Oxidative stress is deﬁned as an imbalance between
these two agents in favor of the oxidants, potentially leading to cellular
damage (Sies, 1985). Our experiments with brown mussels P. perna
showed that zinc chloride exposure affected glutathione metabolism,
with lower thiol levels (GSH-t and NPSH) and decreased GR activity
after 2 days of exposure followed by oxidative damage after 7 days,
thus eliciting a scenario of oxidative stress. Decrease in glutathione
levels due to zinc exposure has also been observed in other animal
models, such as land snails (Radwan et al., 2010), mammalian endothe-
lium (Wiseman et al., 2010) and neuronal cells (Pavlica et al., 2009).
One possible mechanism proposed by these authors was the binding
of zinc to glutathione, which could be related to the role of hepatic glu-
tathione on glutathione-metal complexes excretion as reported in rat
bile (Alexander et al., 1981; Gregus et al., 1992). In addition, GR is an im-
portant enzyme responsible for glutathione disulﬁde recycling, thus
maintaining glutathione in its reduced form (Mize and Langdon,
1962). It is possible that GR inhibition is an important step in themech-
anism of zinc toxicity, directly affecting glutathione metabolism and
other antioxidant defenses.
Low levels of GSH content and GR activity may be deleterious to the
cell, once they are related to the cellular reducing environment and pro-
tect against oxidative processes. A study with mammalian endothelial
cells (Wiseman et al., 2010) demonstrated that 4 h of zinc exposure
(up to 1 mM) was able to reduce GSH and inhibit GR activity, leading
to a more oxidized status in cytosol and mitochondria. These results
demonstrate that a dysfunction of glutathionemetabolism affects cellu-
lar homeostasis leading to cellular death.
It is well established thatmetallothioneins play an important role on
the protection of bivalves to zinc exposure, acting as metal-quenching
molecules, leading to the formation of inactive zinc pools bound to cys-
teine residues (Ng and Wang, 2005; Seraﬁm and Bebianno, 2007).
Induction of metallothioneins by exposing bivalves to zinc has been de-
tected both at molecular and protein levels (Pellerin and Amiard, 2009;
Devos et al., 2012), probably by the activation of the multiple metal re-
sponse elements binding transcriptor factor (MTF). This zinc ﬁnger pro-
tein has been recently identiﬁed in oysters C. gigas (Qiu et al., 2013),
conﬁrming the molecular mechanism of metallothionein activation
during metal exposure in bivalves (Gunther et al., 2012). It is not clear
if modulation of the antioxidant system detected in the present study
could have affected the expression or binding activity of metallothio-
neins, a subject poorly addressed in bivalves so far.
In our experimental protocol, glutathione consumption was ob-
served after 2 days of exposure, but it returned to basal levels only
after 21 days with a concomitant increase in PSH levels. This pattern
of thiol consumption and re-establishment in gills was previously
observed by our group in Paciﬁc oysters, C. gigas, exposed for 18 h to
the electrophilic compound CDNB. After thiol depletion, glutathione
and PSH levels were restored after 24 h of depuration in clean seawater,
demonstrating the ability of marine bivalves to maintain cellular redox
homeostasis after an oxidative insult (Trevisan et al., 2012). In addition,
the clam Scrobicularia plana collected from areas moderately contami-
nated with mercury (an electrophilic agent) showed higher NPSH and
GSH-t content levels, especially in gills (Ahmad et al., 2012). This
thiol-related response is not speciﬁc to electrophilic compounds, as bi-
valves exposed tometals such as copper (Al-Subiai et al., 2011; Sabatini
et al., 2011), lead (Dafre et al., 2004) and zinc (Franco et al., 2006) can
also show higher glutathione levels.
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Fig. 3. Activity of antioxidant and antioxidant-related enzymes in gills of brown mussels Perna perna exposed to 2.6 μM zinc chloride for 2, 7 or 21 days. Activity of (A) catalase (Cat);
(B) glutathione peroxidase (GPx); (C) superoxide dismutase (SOD); (D) glutathione S-transferase (GST); (E) thioredoxin reductase (TrxR); and (F) γ-glutamyltranspeptidase (GGT).
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fenses such as glutathione in mussels. Higher reproductive activity
(early autumn) and seasonal temperature (summer) can modulate
and cause an increase in the antioxidant defenses in the digestive
gland of P. perna, with higher levels of GSH-t and activities of GST,
SOD and CAT (Wilhelm et al., 2001). An interesting response to metal
exposure of this species is the induction of phospholipid hydroperoxide
glutathione peroxidase. The activity of this enzyme was increased after
acute exposure (12–120 h) to iron, cadmium or copper, and demon-
strated a negative correlationwith lipid peroxidation levels. Under envi-
ronmental stress,mussels can amplify their detoxiﬁcation systems, such
as increasing GST activity (Bainy et al., 2000). These data indicate the
ability of this species in quickly inducing a protective defense against
the pro-oxidant action of metals (de Almeida et al., 2004), and corrobo-
rates the data obtained in the present study. The molecular mechanism
bywhich the antioxidant defenses aremodulated in bivalves remains to
be elucidated.An increase in GSH synthesis is a possible mechanism for counter-
acting zinc toxicity. The tendency to decrease PSH levels after 2 days
of zinc exposure is in agreementwith theﬁndings showing that cysteine
can be redirected from protein to glutathione synthesis (Lafaye et al.,
2005). Glutamate-cysteine ligase, the rate limiting enzyme for GSH syn-
thesis, is up-regulated after 6 h of zinc exposure in mammalian aorta
endothelial cells, and was mediated by a transcription factor nuclear
factor, erythroid-derived 2, like-2 (Nrf2) (Cortese et al., 2008). So far
there are no studies of the Nrf2 pathway in bivalves, but it (or homo-
logue systems) has already been characterized in invertebrates such
as insects (Sykiotis and Bohmann, 2008) and nematodes (Kahn et al.,
2008), as well as in aquatic vertebrates, such as ﬁsh (Li et al., 2008). In
all cases, the Nrf2 system has been suggested as an important pathway
for a rapid cellular response to stress, leading to up-regulation of en-
zymes responsible for GSH synthesis, ROS detoxiﬁcation, NADPH gener-
ating and electrophilic detoxiﬁcation (Maher and Yamamoto, 2010).
Simultaneously: 1) recovery in thiol levels; 2) increase in the activity
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in GR content after 7/21 daysmay also indicate a possible common reg-
ulatory mechanism for antioxidant defenses in P. perna. This could be
related to the activation of Nrf2 pathway in these animals, a scenario
used as an indicator of moderate oxidative stress conditions in different
model organisms (reviewed byWakabayashi et al., 2010). This pathwaycould be used as a good biomarker for oxidative stress in bivalves, as
well as it would help to characterize modulation of the antioxidant sys-
tem at the molecular level. It is important to emphasize that it is not
clear if the responsiveness of the antioxidant system in bivalves occurs
after an acute or chronic stress. Still is not clearwhich tissues are the pri-
mary targets for regulation, gills, digestive gland or others. Nevertheless,
coordinated antioxidant response has been previously shown in other
mollusks (De Zoysa et al., 2008, 2009), which deserves special attention
in future studies.
Zinc exposure (and other zinc-related compounds such as zinc
oxide) can cause an increase in ROS production, a mechanism that
is considered as one of the major causes of zinc toxicity and cellular
death. This was already documented or suggested with neutrophil and
neuronal cells (Freitas et al., 2010; Sánchez-Martín et al., 2010), macro-
phages and epithelial cells (Xia et al., 2008), liver cells (Sharma et al.,
2011), algae (Tripathi and Gaur, 2004), bacteria (Premanathan et al.,
2011), fungi (Azevedo et al., 2007) and clams (Geret and Bebianno,
2004). In mammalian cells, mitochondrial permeability and complex I
inhibition, lysosome fragility and apoptosis are other possible mecha-
nisms of zinc toxicity (Rudolf and Cervinka, 2010; Sharpley and Hirst,
2006). Similarly, zinc causes apoptosis in hemocytes of Drosophila
melanogaster by mitochondrial-related processes, despite fast induc-
tion of metallothioneins (Filipiak et al., 2012). In the present study, an
increase in lipid peroxidation processes and peroxide levels after 7
and 21 days was observed, conﬁrming the pro-oxidant action of zinc
in brown mussels. Higher peroxide levels suggest an increase in ROS
production, possibly causing macromolecular damage. Although it is
not clear by which mechanism zinc causes an increase in ROS produc-
tion, it could be related to mitochondrial impairment. Zinc is able to
28 R. Trevisan et al. / Comparative Biochemistry and Physiology, Part C 159 (2014) 22–30be imported to intact mitochondria and quickly affects enzymes related
to energy production and antioxidant defenses, causing organelle dis-
ruption and increased ROS production (Capasso et al., 2005; Gazaryan
et al., 2007).
The present study is the ﬁrst to identify Prx6 by immunoblotting in
bivalves. Prx6 gene was identiﬁed in stress response of C. gigas (David
et al., 2007), while peroxiredoxins generally have been linked to
immune and antioxidant cellular responses in invertebrates (David
et al., 2007; Park et al., 2008; Green et al., 2009; Riva et al., 2011).
Peroxiredoxins are associated with an ability to metabolize hydrogen
and organic hydroperoxides (Toppo et al., 2009), but their importance
in peroxide metabolism has not previously been addressed in bivalves.
The annelid Arenicola marina Prx6 displays a high degree of homology
to mammalian 1-Cys peroxiredoxin, with high rates toward hydrogen
peroxide and peroxynitrite, but the physiological electron donor has
not yet been identiﬁed (Loumaye et al., 2011). These results indicate
that Prx6 could have an important role in invertebrate antioxidant de-
fense. On the other hand, a decrease in the Prx6 content measured by
immunoblotting after 21 days of zinc exposure, unlike the enhance-
ment of other antioxidants, may indicate a signaling role, another func-
tion ascribed to mammalian peroxiredoxins. For instance, Prx6 can act
as an antiapoptotic signal by blocking extrinsic caspase-mediated cell
death in human cancer cells (Choi et al., 2011). Prx6 also possesses
a phospholipase activity, which is essential for the activation of the
ROS-producing enzyme NADPH oxidase 2 (Chatterjee et al., 2011),
reinforcing a role for Prx6 in cellular signaling. Modulation of activities
in other peroxiredoxin isoforms is thought to participate in redox sig-
naling events, usually associatedwith induction of antioxidant defenses
(Winterbourn and Hampton, 2008), a subject that remains to be ex-
plored in bivalves.
5. Conclusions
The present study shows that the glutathionemetabolism is a target
of zinc acute (2 days) toxicity in mussels, with glutathione consump-
tion and GR inhibition. Animals elicited an adaptive response after
prolonged exposure (7–21 days) with thiol reestablishment and anti-
oxidant system enhancement. Restoration of GR activity was achieved
with an increase in GR protein content after prolonged exposure. In
parallel, it was observed that Prx6 expression can be decreased by zinc
exposure, which may be related to redox signaling. A concomitant in-
crease in different antioxidant defenses suggests a common signaling
pathway, highlighting the need for cellular signaling studies in marine
invertebrates in response to stress.
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